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Abstract 
A newly designed bio-carrier was used in an A/O system to investigate nutrients removal from municipal wastewater. 
The system was operated for 120 days including two successive phases. Only bio-carrier was used in Phase I without 
suspended sludge. Suspended sludge was combined with biofilm in Phase II. Results showed that in the whole 
process, removal efficiency of COD, NH4+-N and TN could be respectively up to 76.0%, 72.6% and 43.3%. A/O 
system obtained the best treatment effect under the condition of HRT=16.7h and internal flux radio=150%. And in 
the same conditions, suspended sludge-biofilm in Phase II performed a better removal effect than biofilm in Phase I. 
In addition, a simplified mathematical model was proposed, which provided an accurate tool for describing the 
steady-state suspended sludge-biofilm system.  
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1. Introduction 
Biological wastewater treatment process can be mainly divided into two categories: suspended growth 
process and attached growth process. Suspended sludge-biofilm process was an aerobic hybrid process 
which combined suspended sludge with attached growth process by the incorporation of biofilm carriers 
into aeration tank of activated sludge process (ASP). It contained both suspended growth and attached-
growth biomass so that the total biological treatment capacity was the sum of the two systems [1-3]. 
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In the paper, the system using a newly designed bio-carrier was tested, which included two successive 
phases. HRT and internal reflux ratio were changed to find out the best operation conditions for the carrier. 
And comparison of nutrients treatment effect of suspended sludge-biofilm and biofilm was done. In 
addition, to provide an accurate tool for describing the steady-state suspended sludge-biofilm system, a 
simplified mathematical model was proposed. 
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Fig. 1. (a) process diagram of A/O system(1. influent; 2. liquid flow meter ; 3. A-reactor; 4. airflow meter; 5. O-reactor; 6. 
sedimentation tank; 7. effluent; 8. air diffuser; 9. sludge discharge; 10. peristaltic pump); (b) new type Bio-carrier 
2. Materials and Methods 
2.1. A/O system 
The process diagram of the A/O system was shown in Fig.1.(a). 
The reactors were made of Perspex sheets and consisted of two reactors: the anoxic reactor (A-reactor) 
and the aerobic reactor (O-reactor). Two reactors were connected in series, in which A-reactor had a 
liquid volume of 40L(65×25×25cm) with O-reactor 80L(65×50×25cm). The inlets of reactors were fixed 
at the bottom, and the outlets were at the top. Internal recycle flows for denitrification were pumped from 
the effluent location of O-reactor to the A-reactor, with flow rates 1 to 1.5Q. Return activated sludge was 
pumped from clarifier to A-reactor (flow rate=0.5 to 1Q). Influent, internal recycle and activated sludge 
cycle were all controlled by peristaltic pumps. 
The system was fed with municipal wastewater and air continuously. The inoculated activated sludge 
for A/O system and municipal wastewater were both taken from Jizhuangzi Wastewater Treatment Plant 
in Tianjin. Main characteristics of the influent were shown in Table 1. The system was operated at room 
temperature (13~25°C), and dissolved oxygen (DO) concentrations of A-reactor and O-reactor were 
respectively kept at 0.3~0.5mg/L and 4~5 mg/L. 
Table 1. Main characteristics of the influent 
Component Range(mg/L) Average(mg/L) Component Range(mg/L) Average(mg/L) 
COD 157~611 288 TN 35.1~70.3 47.0 
NH4+-N 28.7~67.7 46.5 TP 3.5~9.9 9.61 
2.2. Characteristics of Biofilm Carrier 
The disc-shaped biofilm carrier was made of polyurethane plastic. Several pieces of carrier were 
packed into a string, in Fig.1.(b). The average thickness and diameter of one carrier particle were about 20 
and 200 mm respectively. The specific surface area of carrier was about 360 m2/kg and hydrophilic angle 
was 65 degrees. Porosity of carrier was more than 99%. 
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Bio-carrier was fixed in O-reactor swinging in the water like aquatic plants and carrier concentration 
was 7.85% (volume of cumulated carrier to volume of aeration basin). 
2.3. Analytical Methods 
Influent, A-reactor effluent and system effluent of A/O reactor were sampled every two days for 
chemical analysis. Above samples were analyzed after filtration through 0.45ȝm filter paper. COD, 
ammonia nitrogen, total nitrogen, total phosphorus and MLSS were performed in accordance with the 
APHA standard methods[4]. Nitrate and nitrite were analyzed with an ion chromatography (DX600, 
Dionex, USA). DO was measured using a DO Analyzer (HQ30d, HACH, USA) with a DO probe. 
2.4. Start-up and operation of the reactor 
As part of the start-up phase, the reactor system was inoculated with activated sludge and fed with 
municipal wastewater. After aerated for 48 hours with no influent and effluent, all the activated sludge 
were drained out of the reactor. After that municipal wastewater were pumped into the system 
continuously. 
A/O system was operated for 120 days including two successive phases: Phase I only used bio-carrier 
and in Phase II, suspended sludge was added into the system. So, suspended sludge was combined with 
biofilm in Phase II. 
 
 
Fig. 2. Concentration change of COD, NH4+-N and TN 
3. Results and Discussion 
3.1. Nutrient Removal Performance of System 
Fig.2 showed concentration change of COD, NH4+-N and TN in influent, A-reactor effluent and 
system effluent during the whole period of A/O operation.  
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The concentration variation of COD was illustrated in Fig.2.(a). Average COD concentration in 
influent was about 288 mg/L with that in system effluent 64.1 mg/L, so average removal efficiency of 
system was 76.0%.  
The concentration variations of NH4+-N and TN were illustrated in Fig.2.(b) and Fig.2.(c). Average 
effluent concentration of NH4+-N and TN were 13.8 mg/L and 26.7 mg/L with average removal efficiency 
72.6% and 43.3% respectively. In A-reactor, concentration of NH4+-N only decreased by 32.8% due to 
dilution and microbial assimilation. Most of NH4+-N was removed in the aerobic phase. Effluent TN 
concentration was relatively high, which showed that denitrification effect was poor. Effluent NO3- 
concentration reached 20mg/L, accounting for approximately 75% of effluent TN. More ammonia 
nitrogen transferred to nitrate via nitrification process. But there were few places for denitrification due to 
low bio-carrier concentration (7.85%). Therefore, most nitrates could not transfer to nitrogen and 
remained in the system which caused a poor TN removal efficiency. However, in the whole, the treatment 
effect of new bio-carrier was stable.  
3.2. Different Operation Conditions Performance in Phase I  
During Phase I, experiments were performed at various HRT and internal reflux ratio to find out the 
best operation conditions. 
The effluent COD, NH4+-N and TN concentration at different HRT were illustrated in Fig.3. (a). In 
general, the effluent COD decreased linearly with increased HRT over the ranges applied in this 
experiment. More than 81.9% feed COD could be removed when HRT=16.7h. Change of NH4+-N were 
similar to COD while TN did not change much. 
Fig.3. (b) showed COD and NH4+-N removal efficiency at different internal reflux ratio. When internal 
reflux ratio from 150% to 200%, COD and NH4+-N removal efficiency only increased by 0.5% and 1.2% 
respectively, but the power consumption increased by 33%. In a word, we have chosen HRT=16.7h and 
internal reflux ratio=150% as the best parameters. 
3.3. Performance of Phase II  
In Phase II, suspended sludge was added into the system, so the system changed into a suspended-
biofilm reactor. Fig.4.(a) showed effluent COD, NH4+-N and TN concentration of Phase I and Phase II. In 
the latter, calculated COD and NH4+-N removal efficiency improved by 30.4% and 76.7% respectively, 
with TN removal efficiency decreasing a little due to few denitrifying bacteria. However, from the whole, 
the suspended sludge-biofilm performed a better removal effect than biofilm.  
4. Development of mathematical model 
The simplied schematic of system used for the model was shown in Fig.4.(b). The system was 
assumed to run under a steady-state condition for biomass and substrate with a rate limiting substrate 
concentration in the reactor. The same kinetics had been assumed applicable to both suspended and 
attached growth systems [5,6]. In addition to basic assumptions applicable for suspended and attached 
growth, the following several assumptions should be considered: All the microorganisms in the reactor 
were active for treatment, Monod type kinetic expression was valid to describe the biomass growth, 
biofilm had homogeneous structures and density [7,8], cell growth in the attached phase was expressed by 
Monod type expression, and transport of the dissolved components in the liquid phase was by molecular 
diffusion and can be described by Fick’s law of diffusion [9]. 
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Fig. 3. (a) effect of HRT on effluent COD, NH4+-N and TN; (b) effect of internal reflux ratio on effluent COD and NH4+-N  
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Fig. 4. (a) comparison of Phase I and Phase II; (b) simplied schematic of the system 
4.1. Substrate balance 
The substrate balance for the hybrid system can be written as follows: 
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where Q, flow rate; V, reactor volume; K, maximum specific rate of substrate utilization; and Ks, 
Monod half-velocity coefficient; a, specific surface area of the biofilm; J, substrate flux into the biofilm, 
confirmed by the method proposed by Fouad [10].. 
4.2. Substrate balance 
Applying a mass balance on biomass for the suspended sludge-biofilm system yields. 
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where Y, yield coefficient; bs, specific shear loss rates; bt, sum of specific decay and shear loss rates. 
Above equations (1)-(4) can be organized into equation (5): 
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When X1=X2 (MLSS of Reactor-A equals to Reactor-O), the equations can be reduced to (6): 
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where șh, hydraulic retention time, HRT=Q0/3V; șc, sludge retention time. 
5. Conclusion  
A/O system using a newly designed bio-carrier was operated for 120 days. The test results showed that 
average influent COD, NH4+-N and TN were respectively 64.1 mg/L, 13.8 mg/L and 26.7 mg/L with 
removal efficiency up to 76.0%, 72.6% and 43.3%.  
A/O system obtained the best treatment effect under the condition of HRT=16.7h and internal flux 
radio=150%. 
In Phase II, COD and NH4+-N removal efficiency was improved by 30.4% and 76.7% with TN did not 
change much, which showed that suspended sludge-biofilm performed a better removal effect than 
biofilm. In addition, Denitrification should be concerned in further research. 
A mathematical model was proposed to describe the suspended sludge-biofilm system.  
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